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Here we show that molecularly imprinted polymer nanoparticles, prepared in aqueous media by solid
phase synthesis with immobilised L-thyroxine, glucosamine, fumonisin B2 or biotin as template, can
demonstrate comparable or better performance to commercially produced antibodies in enzyme-
linked competitive assays. Imprinted nanoparticles-based assays showed detection limits in the pM
range and polymer-coated microplates are stable to storage at room temperature for at least 1 month.
No response to analyte was detected in control experiments with nanoparticles imprinted with an
unrelated template (trypsin) but prepared with the same polymer composition. The ease of preparation,
high affinity of solid-phase synthesised imprinted nanoparticles and the lack of requirement for cold
chain logistics make them an attractive alternative to traditional antibodies for use inimmunoassays.

. It is now well over twenty years since the first demonstration that molecularly imprinted polymers (MIPs) can
. be used as the recognition material (essentially as a replacement for antibodies) in assays for clinically signifi-
cant drugs (diazepam and theophylline)!. While this seminal paper clearly illustrated the principle, the assays
described were unlikely to present a threat to established methods using antibodies. The MIPs were prepared as
“bulk” monoliths, either by thermal or photochemical polymerisation and subjected to wasteful grinding and
sieving to obtain irregularly-shaped particles < 25 pum in size. Competitive binding with *H-labelled analogues
. in organic solvents was used to establish a “molecularly imprinted sorbent assay” (MIA), with quantification of
. the analytes, in the pM concentration range, by scintillation counting. Antibody-based assays (such as ELISA)
. however are performed under aqueous conditions without the need for radiolabelled tracers. The assays can have
- much lower detection limits than MIA and readout is typically achieved by optical density measurements in a
. plate reader. The Achilles heel of antibody-based assays may indeed be the antibodies themselves. They are expen-
. sive to produce and purify; raising antibodies against a new target may take months and involve animal experi-
: ments; and they require careful storage and handling or their binding ability can be readily lost. Recent advances
- in the synthesis of MIP nanoparticles (nanoMIPs) have overcome the perceived drawbacks of the ground bulk
MIPs used by Vlatakis et al.! Indeed the solid-phase approach, using immobilised templates?, has allowed the
: synthesis of nanoMIPs to be carried out equally successfully in both organic® and aqueous media*. The nano-
© particles are selected on the basis of their affinity for the template, which is re-useable, and the synthesis is suit-
. able for scale-up and automation®*. Being chemical entities, additional functional layers may be created during
. the synthesis to modify the properties of the particles without affecting their recognition ability>®. This raises
© that question: how do nanoMIPs prepared for small molecule templates compare with commercial antibodies in
enzyme-linked competitive assays?
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Figure 1. Structures of the analytes used as templates in this study: (a) fumonisin B2, (b) glucosamine, (c)
L-thyroxine, (d) biotin.

Results and Discussion

In order to address the question posed above, we selected four chemically diverse target molecules for which
commercial antibodies are available: fumonisin B2, glucosamine, L-thyroxine, and biotin (Fig. 1). Commercial
sources were identified for monoclonal antibodies in the case of fumonisin B2 and r-thyroxine, while only pol-
yclonal antibodies could be sourced in the case of glucosamine and biotin. For nanoMIP synthesis, templates
were immobilised onto ~-aminopropyltrimethoxysilane-derivatised glass beads via their primary amino group
with glutaraldehyde, followed by selective reduction with sodium cyanoborohydride, except in the case of biotin,
which was coupled to the aminosilane-derivatised glass beads following activation of the carboxyl group with
EDC/NHS. NanoMIP synthesis was conducted in aqueous media using the same monomer mixture (except
for fumonisin B2, where acrylic acid was replaced with N-(3-aminopropyl)methacrylamide, see Methods sec-
tion) initiated with persulfate/TEMED. As a control polymer, nanoMIPs were prepared using the same monomer
composition against an unrelated template (trypsin) in order to obtain sufficient particles for use in comparative
experiments (the presence of a template is necessary in order for particles to be isolated following the washing
and elution steps?).

Solid-phase synthesis of nanoMIPs is a rapid method for the preparation of research quantities of antibody-like
materials. Preparation of a batch of silylated glass beads takes 3-4 days while template immobilisation and the
polymerisation and isolation of high affinity nanoMIPs can be achieved in 1-2 days. Since sufficient solid phase
can be prepared in one batch to be divided amongst a number of templates, nanoMIPs for multiple targets can
therefore be prepared within a two week period in contrast to the 3-6 months timescale for antibody production
against each new target.

In order to compare the performance of nanoMIPs with antibodies in a practically relevant scenario, we
elected to see how well both classes of affinity materials perform in enzyme-linked competitive binding assays. To
this end, conjugates of each target molecule with horseradish peroxidase [EC 1.11.1.7] (HRP) were prepared via
EDC/NHS coupling, targeting the same functional group used in immobilisation to the solid-phase (-NH, in the
case of fumonisin B2, glucosamine and L-thyroxine and ~CO,H in the case of biotin). Assays were conducted in
96-well microplates using 3,3’,5,5 - tetramethylbenzidine (TMB) as the substrate for HRP. Assays using nanoMIPs
were based on the protocol previously developed for vancomycin using imprinted nanoparticles’. The synthesis
of nanoMIPs and the assay protocol are shown schematically in Fig. 2, along with a representative TEM image.

There have been relatively few reports of the preparation of polymers imprinted with our chosen templates:
fumonisin B2 MIPs for solid-phase extraction have been prepared by bulk polymerisation in acetonitrile®; glu-
cosamine MIPs, prepared in aqueous buffer, have been reported for extraction of the monosaccharide from chic-
ory root’; L-thyroxine-imprinted films have been prepared on electrodes for sensing applications'®!!; while biotin
MIPs have been prepared as sol-gel magnetic core-shell particles'?, as thin films'*'* and in bulk format'®. In
contract to these diverse methods of synthesis, the imprinted polymer nanoparticles prepared in this work were
all prepared in aqueous media, irrespective of the solubility or otherwise of the template molecules in water. This
is possible because the formation of imprinted polymer occurs at the surface of the glass beads, removing the
necessity for the template molecule to be soluble in the polymerisation medium. While the presence of water has
long been thought to interfere with the formation of high affinity sites imprinted with small molecules, in the case
of solid-phase synthesis, high affinity imprinted particles are formed in almost every case. The nanoparticles are
isolated as an aqueous suspension which can be used as a direct replacement for antibodies. In a parallel study,
the effect of the size (molar mass) of the templates used for imprinting in aqueous media was investigated'®. It was
found that nanoparticles prepared in this manner could be used in the biomimetic ELISA format to create effec-
tive assays for horseradish peroxidase (44kDa), cytochrome C (12kDa) and biotin (244.31 gmol ') as well as van-
comycin (1449.3 gmol')7, however for the smallest template studied (melamine, 126.12 gmol™?), aqueous-based
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Figure 2. (Left) Schematic representation of nanoMIPs synthesis and competitive enzyme-linked assay; (Right)
TEM image of nanoMIPs imprinted with I-thyroxine, scale bar =200 nm.
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1. Immobilisation 3hours (from CBB) 24hours (from water)
2. Wash Wash buffer: 0.05% Tween 20 in PBS (3 x 200pL) pH7.2 | Vash bufferl;fﬁs 4(2 x250pL)
. . 0.1% BSA, 1% Tween 20 in PBS
o s
3. Blocking of wells 2% BSA in wash buffer (300 uL, 1 hour) (300 uL, 1 hour)
4. Wash No washing PBS (3 x 250 L)
5. Preparation of solutions of Target dilution: from 10~° to 100nM Conjugate dilution:
target + conjugate (TC) HRP-B 1:800; HRP-LT 1:400; HRP-G 1:200; HRP-F 1:200
6. Addition of TC solution (50pL, 1 hour) (100 L, 1 hour)
. 0.1% BSA, 1% Tween 20 in PBS
7. Wash 2% BSA in wash buffer (6 x 200 pL) (3% 300pL)
8. Addition of TMB 50 uL (30 min) 100 L (10 min)
9. Stop solution (sulfuric acid) 2M (50pL) 0.05M (100 L)

Table 1. Procedures for enzyme-linked assay with antibodies and with nanoMIPs’.

imprinting was not effective. For this template, nanoMIPs prepared in organic media, grafted with a shell of PEG
methacrylate, could be used to prepare a satisfactory assay for melamine with a detection limit of 25 nM.

For the comparative assays, the same HRP conjugates were used in experiments with both nanoMIPs and
antibodies. Blocking and washing conditions were optimized in separate experiments and details of these are
presented in Table 1. The variations in assay protocols for nanoMIPs and antibodies are not significant and differ
mainly in the composition of blocking and washing buffers. All components of these solutions are commonly
used in antibody-based assays. The optimized protocols were then used to perform competitive assays. Briefly,
microplates coated with either nanoMIPs or antibodies were tested in an enzyme-linked assay using competition
between the free target and the corresponding HRP-analyte conjugate. The solutions of analyte were added to
the wells at the same time as the conjugate. The concentration of free analyte was typically varied over the range
1 pM to 100nM. As shown in Fig. 3, the results clearly indicate that competition for binding of free analyte and its
HRP conjugate was observed over a broad range of concentrations, and assay responses were found to be linearly
proportional to the analyte concentration when plotted on a logarithmic concentration scale. As such, nanoMIPs
are suitable for use in highly sensitive enzyme-linked assays for the target analytes.

Figure 3a shows the calibration curve for the enzyme-linked competitive assay for L-thyroxine with nanoMIPs.
As was stated above, control experiments were performed with nanoMIPs prepared with the same monomer
composition but imprinted against an unrelated template (trypsin)'’. These particles are referred to as
non-imprinted polymer (NIP) to distinguish them from the target-imprinted materials. The extent of bind-
ing of the L-thyroxine-HRP conjugate to the trypsin imprinted MIPs (NIP) is less than for binding to
thyroxine-imprinted MIPs and, more importantly, is not affected by the presence of free L-thyroxine in solution.
The lack of a specific response to L-thyroxine in control experiments is a good indication of the specificity of the
assay. The nanoMIP-based assay showed linearity over the range 1 pM to 10 nM L-thyroxine, with a limit of detec-
tion (LoD) of 8 pM, calculated from the value of three times the standard deviation of the control (without free
L-thyroxine). This result is similar to that previously seen for vancomycin’. Compared to monoclonal antibodies
(Fig. 3b), the MIP-based assay was 3 orders of magnitude more sensitive. Unfortunately we could not find pub-
lished data on ELISA protocols with this antibody to verify our findings. However, other thyroxin assays (from
BIO-RAD)® were used to measure this analyte at picomolar concentrations. It is possible that the reduced affinity
of antibody-based assay in our experiments is linked to batch-to-batch variations or to denaturing of the antibody
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Figure 3. Calibration plots determined in enzyme-linked competitive assay formats for: L-thyroxine with

(a) L-thyroxine-imprinted polymer nanoparticles (MIP) or trypsin-imprinted particles (NIP) or (b) monoclonal
antibody (mAb) for L-thyroxine; glucosamine with (c) glucosamine-imprinted polymer nanoparticles (MIP)

or trypsin-imprinted particles (NIP) or (d) polyclonal antibodies (pAb) for glucosamine; fumonisin B2 with

(e) fumonisin B2-imprinted polymer nanoparticles (MIP) or (f) monoclonal antibodies (mAb) for fumonisin
B2; biotin with (g) biotin-imprinted polymer nanoparticles (MIP) or (h) with polyclonal antibodies (pAb) for
biotin. Error bars represent +1 standard deviation and are for experiments performed in triplicate. Data for
biotin-MIPs (g) is also included in a report where the effect of template size on aqueous solid-phase imprinting
was investigated'®, (see above).
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NanoMIPs NanoMIP-based assay Antibody-based assay

Particle diameter | Detection Linearity Detection Linearity

Analyte (DLS), nm limit, pM range, pM limit, pM range, pM
Biotin 103.7+5.9 12 0.1-30 2.5 0.1-10°
Fumonisin B2 93.6+3.9 6.1 1-10* 25 1-10°
Glucosamine 137.6+6.4 0.4 0.1-10° 0.3 0.1-10*
L-Thyroxine 164.24+10.9 8.1 1-10* 17.5x 10° 10%-10°

Table 2. NanoMIP particle sizes (as determined by dynamic light scattering, DLS), detection limits and
assay linearity ranges for nanoMIP and antibody-based assays.

during transportation or storage. We can conclude however that nanoMIPs for L-thyroxin performed better than
the antibodies tested in our laboratory and at least as well as the best examples of assays published earlier.

Figure 3¢ shows the calibration plot for the enzyme-linked competitive assay for glucosamine with nanoMIPs.
As in the previous case, the binding of glucosamine-HRP conjugate to trypsin-imprinted nanoMIP (NIP) is lower
than to glucosamine-imprinted MIPs and is not sensitive to the concentration of free glucosamine in solution.
This lack of specific response to glucosamine in the control is a good indication of the specificity of the assay. In
addition, no response was detected in the nanoMIPs-based assay when incubated with glucose or fructose (this
is in contrast to the antibody-based assay which showed significant cross-reactivity with these analytes). The
nanoMIPs-based assay showed linearity from 0.1 pM to 1 nM of glucosamine with a limit of detection of 0.4 pM,
calculated from the value of three times the standard deviation of the control (without free glucosamine). The
antibody-based assay showed a comparable sensitivity, with detection limit of 0.3 pM (Fig. 3d).

Figure 3e shows the calibration plot for the nanoMIP-based enzyme-linked competitive assay for fumonisin
B2. The nanoMIPs-based assay showed linearity from 1 pM to 100 nM of fumonisin B2 with a limit of detection of
6 pM. No response to fumonisin was detected in the case of nanoMIPs imprinted with trypsin (data not shown).
The antibody-based assay showed a four times higher detection limit - 25 pM (Fig. 3f).

Figure 3g shows the calibration plot for the nanoMIP-based enzyme-linked competitive assay for biotin. The
assay based on nanoMIPs showed linearity from 0.1 pM to 30 pM with a limit of detection of 1.2 pM. No response
to biotin was detected in the case of nanoMIPs imprinted with trypsin (data not shown). The antibody-based
assay had slightly higher detection limit - 2.5 pM (Fig. 3h).

The MIP particle sizes and the limits of detection and working ranges of the nanoMIP and antibody-based
assays are summarised in Table 2. As can be seen from these data, the performance of nanoMIPs was as good as,
or better than antibodies in practically all cases. These tests clearly indicate that nanoMIPs synthesised by the
solid-phase approach can be used as direct substitutes for monoclonal antibodies in ELISA.

Further experiments were performed in order to evaluate the stability of the MIP nanoparticles and the coat-
ings prepared from them. Microplates with nanoMIPs imprinted against biotin were stored at room temperature
for 1 month and tested as described above. The results showed that stored microplates could still be used in the
biotin assay over the same concentration range with no deterioration in detection limit. The ability of nanoMIPs
to work in assays after prolonged storage at room temperature could be beneficial for applications in tropical
climates and/or in locations where access to freezers (cold chain delivery) is limited.

Small molecules (below ~10kDa) are generally non-immunogenic, requiring conjugation to a carrier (pro-
tein or other biomacromolecule) in order to stimulate an immune response on immunisation of a host animal®.
While in vitro methods of antibody selection are also capable of producing highly selective antibodies for small
molecules?, this also relies on biological systems (such as phage display) in order to refine the selection process
(SELEX) over several generations. In contrast, molecular imprinting is a method relying on synthetic chemis-
try and self-assembly. The tools for selection of functional monomers include an array of molecular modelling
techniques that be used to greatly improve the likelihood of successful imprinting through a process of in silico
design?!. In addition, the formation of imprinted nanoparticles by solid phase synthesis is a rapid method that
produces soluble particles bearing surface accessible binding sites and is capable of automation®. High affin-
ity material is produced by virtue of an in-built affinity separation step, the template may be re-used, and the
surface chemistry can be modified chemically without affecting the recognition properties of the MIPs>. The
resultant particles are suitable for applications where antibodies are traditionally used, including sensors?*-2* and
assays”'®?%, Imprinted nanoparticles have also been shown to selectively detect mammalian cell types by their
expression of antigens?”%,

The application of MIPs in diagnostic assays was recently reviewed?. A number of enzyme-linked assays for
small molecules that used MIPs in place of antibodies were reported, however in all cases MIPs were prepared
by in situ preparation of the imprinted polymer as a film within the microplate. This is clearly problematic in
terms of ensuring reproducibility between wells and efficient template removal; moreover polymer formation
is limited by the incompatibility of the microplates with monomers and solvents commonly used in imprinting.
The solid-phase nanoMIPs, by contrast are easily immobilised in a reliable fashion by pipetting a known volume
of their solution into each well and allowing the solution to dry’. For the film-based assays, the lowest LoD was
reported for ractopamine (33 pM)* with other reported LoDs lying between 0.76 nM (for tribenuron-methyl)*!
to 1.2uM for acrylamide®. The LoDs for the nanoMIP-based assays reported here (0.4-8.1 pM) therefore com-
pare favourably with the most sensitive MIP-based ELISAs reported to date.
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Conclusions

This study demonstrates that molecularly imprinted nanoparticles (nanoMIPs) for low molar mass analytes may
be prepared by solid-phase synthesis*® in aqueous media. The presence of water is normally considered to be
unfavourable to the imprinting of hydrophilic templates. The formation of high-affinity imprinted nanoparticles,
even in aqueous media appears to be a feature of the solid-phase imprinting approach. We have also shown that
the nanoMIPs produced in this way can be used in the development of highly sensitive assays for low molecular
weight targets such as biotin, fumonisin B2, glucosamine and L-thyroxine. The developed assays allowed the
accurate determination of target analytes at picomolar concentrations. The results confirmed that nanoMIPs can
be used as viable alternatives to antibodies in the ELISA format, showing similar to, or better performance than,
the natural molecules. Furthermore, nanoMIP-based assays possess much higher stability, allowing their storage
and transportation even in the absence of a cold chain. We believe these results serve as a strong endorsement for
considering the industrial application of nanoMIPs in diagnostics platforms.

Methods

Synthesis of molecularly imprinted nanoparticles (nano-MIPs).  Preparation of template-derivatised
glass beads. The glass beads were modified according to the protocol described previously*. In the steps
described below, 0.4 mL solution was used per gram of glass beads. Briefly, first the glass beads were activated by
boiling in 1 M NaOH for 15 min, washed with double-distilled water followed by acetone, and then dried. The
beads were then incubated overnight in a solution of APTMS (2% v/v in dry toluene), washed with acetone, dried
and subsequently incubated for 2 hours in a solution of GA in PBS (pH 7.4). The template was immobilized on
the surface of glass beads by incubation of the beads in a solution of the appropriate template (1 mgmL~!) in PBS
(pH 7.4) overnight at 4°C. Afterwards, sodium cyanoborohydride was added to the solution of beads/template
in PBS at 1 mgmL ™" and incubated for 30 min. Biotin was immobilized through EDC/NHS chemistry after the
silanization step with APTMS. For this, 10 and 15 molar excess of EDC and NHS respectively were added to a
0.2mgmL ™! solution of biotin in water and allowed to stand for 15 min prior to addition to the amine-derivatized
glass beads. The pH of the biotin/glass beads solutions was adjusted to 7.4, and reaction was allowed to proceed
for 2hours. Finally template-modified glass beads were washed with double-distilled water, dried, and stored at
4°C until use.

Synthesis of nanoMIPs. The polymerization mixture for the preparation of nanoMIPs comprised: NIPAM
(39 mg), BIS (2mg), TBAm (33 mg dissolved in 2mL of ethanol), AA (2.23 pl for all templates except fumonisin
B2) and NAPMA (2.2 mg only for fumonisin B2). The components were dissolved in water (100 mL), sonicated
for 5min, and degassed by bubbling with nitrogen for 30 min. Then 50 mL of this solution was added to 60 g of
glass beads bearing the immobilized template. The polymerization was initiated by the addition of a solution
(0.5mL) of APS (60 mg/mL) containing TEMED (30 pL mL~?!). The monomer mixture was allowed to polym-
erize at ambient temperature (20 °C) for 1.5h. After this time, the beads were transferred into an SPE cartridge
(60 ml) fitted with a 20 pum porosity PE frit. Unreacted monomers and other low affinity materials were removed
by washing with double-distilled water (10 x 50 mL) at ambient temperature. Next, the temperature was raised to
60°C and the fractions of high affinity nanoparticles were collected by washing with pre-warmed water at 60°C
(4 x 20 mL). The size of the nanoparticles was determined by dynamic light scattering (DLS) using a Zetasizer
Nano (Nano-S) from Malvern Instruments Ltd (Malvern, UK).

Immobilisation of nanoMIPs at the surface of microplate wells. Imprinted polymer nanoparticles
(40 pL, 0.06 mg mL~!) were dispensed into the wells of a 96-well Nunclon microplate, and left to dry overnight
at ambient temperature. Antibodies (50 uL, 0.005 mgmL~!) were dispensed into the polystyrene microplates and
incubated for 3 hours.

Competitive assay. The procedure for conducting enzyme-linked assays with nanoMIPs was carried out
as described previously®. The procedure for antibodies was carried out in accordance with standard protocols?.
The details of these procedures are summarized in Table 1. The absorbance (ABS) was measured for each well at
a wavelength of 450 nm using UV-VIS microplate reader (Dynex, UK). All experiments were performed in tripli-
cate. Nanoparticles imprinted against an unrelated template (trypsin) were used in control experiments.

Full experimental details, including optimisation of the antibody-based assays, can be found in the
Supplementary information.
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